abstract The nuclear pore complex (NPC) mediates communication between the cytoplasm and nucleus in eukaryotic cells. Active transport of large polypeptides as well as passive diffusion of smaller ( Ϸ 10 kD) macromolecules through the NPC can be inhibited by depletion of intracellular Ca 2 ϩ stores. However, the physiological relevance of this process for the regulation of nucleocytoplasmic trafficking is not yet clear. We expressed green fluorescent protein (GFP)-tagged glucocorticoid receptor (GR) and mitogen-activated protein (MAP) kinase-activated protein kinase 2 (MK2) to study the effect of Ca 2 ϩ store depletion on active transport in HM1 cells, a human embryonic kidney cell line stably transfected with the muscarinic M 1 receptor. Dexamethasone-induced nuclear import of GR-GFP and anisomycin-induced nuclear export of GFP-MK2 was monitored by confocal microscopy. We found that store depletion by carbachol, thapsigargin or ionomycin had no effect on GR-GFP import, whereas pretreatment with 1,2-bis-( o -aminophenoxy) ethane-N,N,N Ј , N Ј -tetraacetic acid-acetoxymethyl ester (BAPTA-AM) attenuated import significantly. Export of GFP-MK2 was not influenced by any pretreatment. Moreover, carbachol stimulated GFP-MK2 translocation to the cytoplasm in the absence of anisomycin. These results demonstrate that Ca 2 ϩ store depletion in intact HM1 cells is not directly linked to the inhibition of active protein transport through the NPC. The inhibition of GR-GFP import but not GFP-MK2 export by BAPTA-AM presumably involves a depletion-independent mechanism that interferes with components of the nuclear import pathway. 
i n t r o d u c t i o n
The nuclear pore complex (NPC) 1 is a supramolecular protein structure spanning the inner and outer nuclear membranes, thereby forming a continuous link between the cyto-and nucleoplasm. The central aqueous channel within the NPC has a functional diameter of Ͻ 10 nm that allows the passage of small molecules (up to 30-40 kD) by diffusion (Bonner, 1975; Paine et al., 1975) . Larger macromolecules possessing specific nuclear localization (NLS) or nuclear export sequences require energy-dependent multi-step processes to enter or exit the nucleus (Görlich, 1997; Nigg, 1997; Weiss, 1998) .
As the exclusive transport route for proteins (Feldherr et al., 1984) , the NPC is likely to be one of the main checkpoints for the regulation of nucleocytoplasmic trafficking. However, the mechanisms involved in determining NPC permeability are not well understood.
In normal rat kidney cells, the active import of microinjected nucleophilic proteins, as well as the passive diffusion of 10-kD dextran-coupled dyes into the nucleus was prevented by Ca 2 ϩ store depletion by thapsigargin, ionomycin, or 1,2-bis-( o -aminophenoxy) ethane-N,N,N Ј , N Ј -tetraacetic acid-acetoxymethyl ester (BAPTA-AM; Greber and Gerace, 1995) . Likewise, entry of 10 kD dextrans into isolated Xenopus laevis oocyte nuclei was inhibited after emptying of the perinuclear Ca 2 ϩ store (Stehno-Bittel et al., 1995a) . These observations suggested that loss of store Ca 2 ϩ induced structural changes of the NPC that in turn reduced NPC permeability. One possible mechanism, originally proposed by Greber and Gerace (1995) , involved binding of endoplasmic reticulum (ER)-Ca 2 ϩ to the nuclear pore protein gp210. Similar to Ca 2 ϩ depletion, expression of anti-gp210 antibodies decreased active import and passive diffusion into the nucleus (Greber and Gerace, 1992) . The large lumenal domain of gp210 contains several putative Ca 2 ϩ -binding sites and, therefore, interaction with store Ca 2 ϩ could control NPC structure and function via gp210.
Further support for a direct regulation of the NPC by store Ca 2 ϩ is provided by experiments using field-emission scanning electron microscopy and atomic force microscopy, which revealed distinct changes in NPC
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Ca 2 ϩ Store-independent Nuclear Transport in Intact Cells structure after Ca 2 ϩ depletion of the nuclear envelope. Whereas control NPCs exhibited a characteristic shape with an open central pore region symmetrically surrounded by eight protein complexes, Ca 2 ϩ -depleted specimens contained a central plug within the NPC (Perez-Terzic et al., 1996) .
The release of Ca 2 ϩ from intracellular stores occurs via inositol-(1,4,5) trisphosphate (InsP 3 ) and ryanodine receptors. The outer nuclear membrane, which is continuous with the rough ER membrane, contains functional InsP 3 receptors (Stehno-Bittel et al., 1995b) and, therefore, the perinuclear Ca 2 ϩ store is efficiently emptied by InsP 3 in isolated nuclei (Stehno-Bittel et al., 1995a) . Even though numerous membrane receptors, such as G q -coupled receptors, signal through the formation of InsP 3 and release of Ca 2 ϩ from intracellular stores (Berridge, 1993; Lee and Rhee, 1995) , it has not been demonstrated that activation of any of these receptors can decrease nuclear transport by closing the NPC. In contrast, in many cell types, Ca 2 ϩ release from stores and the subsequent rise of the cytoplasmic Ca 2 ϩ concentration induces gene expression (Menezes et al., 1996; Waser et al., 1997) , which requires functional nucleocytoplasmic trafficking.
We investigated how Ca 2 ϩ store depletion influences nuclear import and export at the single cell level using green fluorescent protein (GFP)-tagged proteins. Our results demonstrate that active nuclear transport in intact HM1 cells is independent of the filling state of intracellular Ca 2 ϩ stores. m a t e r i a l s a n d m e t h o d s
Cell Culture and Transfection
HM1 cells, a human embryonic kidney cell line stably expressing the muscarinic M 1 -receptor (Peralta et al., 1988) , were used throughout this study. Cells were grown at 37 Њ C in DMEM/F12 (1:1) medium supplemented with 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 0.5 mg/ml G 418, and HT supplement (1:100; GIBCO BRL) under a 5% CO 2 atmosphere. cDNAs were transfected using the Ca 2 ϩ -phosphate method (Sambrook et al., 1989) , 6-8 h after transfection cells were plated onto coverslips, and used for the experiments after 48-72 h. Cells transfected with glucocorticoid receptor-GFP (GR-GFP) were cultured after plating on coverslips in DMEM/F12 without phenol red (GIBCO BRL) supplemented with charcoal-treated FBS (Cocalico Inc.) to remove endogenous glucocorticoid activity.
For transfection of pcDIC15nu, the Ca 2 ϩ -phosphate maximizer kit (Clontech) was used according to the manufacturer's instructions. Cells grown for 6-12 h on coverslips were incubated for 3 h with the transfection mixture, washed twice with Ca 2 ϩ -free PBS, and either cultured in control medium containing 0.1% DMSO or low Ca 2 ϩ medium containing 100 nM thapsigargin, or 100 nM thapsigargin plus 5 M calmidazolium for another 9-11 h. The low Ca 2 ϩ medium was prepared as normal growth medium, except that 2 mM EGTA was added to CaCl 2 -free DMEM (GIBCO BRL). The resulting free Ca 2 ϩ concentration was calculated to be 60 nM (Schubert, 1990) .
Cell Processing and Confocal Microscopy
Control cells were treated for 30 min at 37 Њ C with 0.1% DMSO (the highest concentration added to drug-treated cells) in standard external solution before transport was induced by addition of dexamethasone (1 M) or anisomycin (10 g/ml). The standard external solution contained (mM): 140 NaCl, 5.4 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, 10 HEPES, pH adjusted to 7.4 with NaOH. After a 20-min treatment with dexamethasone or anisomycin at 37 Њ C, coverslips were transferred to a confocal microscope and examined immediately.
To deplete intracellular Ca 2 ϩ stores, cells were incubated with the respective drugs for 30 min at 37 Њ C in Ca 2 ϩ -free buffer containing (mM): 140 NaCl, 5.4 KCl, 1 MgCl 2 , 1 EGTA, 10 glucose, 10 HEPES, pH adjusted to 7.4 with NaOH. All chemicals were purchased from Sigma Chemical Co.
Nuclear transport was induced as described above by addition of dexamethasone or anisomycin. Cells expressing pcDIC15nu were investigated 12-14 h after transfection. As many cells cultured in low Ca 2 ϩ medium detached from the coverslips, cells were centrifuged at 100 g for 10 min, resuspended in 100 l low Ca 2 ϩ buffer, and transferred into the microscope chamber.
Confocal microscopy was performed with a laser scanning microscope (LSM 410; Carl Zeiss Inc.) using the 488-nm line of an Ar/Kr laser. Emission light was filtered with a 512-nm bandpass filter (27-nm bandwidth) (Chroma Technology) and fluorescence intensities were analyzed with the LSM 410 software.
Stock solution of thapsigargin, anisomycin, ionomycin, calmidazolium (all from Calbiochem Corp.) and BAPTA-AM (Molecular Probes, Inc.) were prepared in DMSO and stored at Ϫ 20 Њ C. Dexamethasone (Calbiochem Corp.) was prepared in ethanol and stored at Ϫ 20 Њ C.
Statistical Data Analysis
In GR-GFP-transfected cells, nuclear/cytoplasmic fluorescence ratios were found to be very reproducible between transfections ( Ͻ 15% variation). If no statistical difference between control values was detected, data from different experimental series were pooled and compared using Student's t test or one-way analysis of variance (ANOVA). Data were presented as means Ϯ SEM. In contrast, anisomycin-induced changes in the nuclear/cytoplasmic fluorescence in GFP-MAP kinase-activated protein kinase 2 (MK2)-transfected cells varied considerably among different transfections (up to 35%). Statistical comparisons were only made between data from individual experiments using the t test or ANOVA. For representation, data were pooled and shown as weighted means Ϯ SEM. All statistical tests were performed with Systat 7.0 (SPSS Inc.). P Յ 0.05 was considered significant. r e s u l t s
The localization of GFP-tagged proteins can be precisely traced and quantified in living cells using confocal microscopy. We used this approach to measure the translocation of a GR-GFP chimera that is imported into the nucleus upon glucocorticoid binding (Carey et al., 1996; Htun et al., 1996) and a GFP-MAP kinaseactivated protein kinase 2 chimera (GFP-MK2) that is exported from the nucleus after stimulation with anisomycin (Aniso; Engel et al., 1998) . Furthermore, the nuclear targeting of pcDIC15nu, a fusion protein between a blue and green fluorescent protein containing an SV 40-NLS (Persechini et al., 1997; M. Badminton, unpublished data) , was analyzed.
Nuclear GR-GFP Import Is Inhibited by BAPTA-AM but Not by Ca 2 ϩ Store Depletion
After transfection of GR-GFP cDNA into HM1 cells, fluorescence localized to the cytoplasm (Fig. 1) . Treatment of GR-GFP-expressing cells with 1 M dexamethasone (Dex), a synthetic GR agonist, in Ca 2 ϩ -containing control buffer induced translocation of GR-GFP into the nucleus. After 20 min, fluorescence was observed almost exclusively in the nucleus (Fig. 1 ). To quantify transport activity in GR-GFP-transfected cells, we measured the ratio of nuclear/cytoplasmic fluorescence intensity (NF/CF). We found that NF/CF changed from 0.46 Ϯ 0.02 ( n ϭ 135) in untreated cells to 5.23 Ϯ 0.34 ( n ϭ 89) after Dex treatment.
Having established that GR-GFP is efficiently translocated in HM1 cells, we tested the effect of Ca 2 ϩ store depletion on nuclear GR-GFP import. When experiments were carried out in Ca 2 ϩ -free extracellular buffer containing 1 mM EGTA, Dex induced essentially the same change in NF/CF as in control buffer. NF/CF increased from 0.41 Ϯ 0.02 ( n ϭ 134) in the absence of Dex to 5.06 Ϯ 0.25 (n ϭ 111) after Dex treatment.
To release Ca 2ϩ from stores, we preincubated cells for 30 min in Ca 2ϩ -free buffer with a Ca 2ϩ ionophore (ionomycin, 1 M), a ER Ca 2ϩ -pump inhibitor (thapsigargin, 1 M), a cell-permeant Ca 2ϩ chelator (BAPTA-AM, 10 M), or a muscarinic M 1 -receptor agonist (carbachol, 10 M). All these treatments completely emptied intracellular Ca 2ϩ stores as subsequent application of ionomycin (10 M) in Ca 2ϩ -free solution did not produce any further rise in the cytosolic Ca 2ϩ concentration in fura-2-loaded cells (data not shown). After store depletion, Dex was added for 20 min to induce nuclear import of GR-GFP. A comparison of the fluorescence ratios showed that incubation of cells with BAPTA-AM induced a significant decrease in GR-GFP import, whereas all other pretreatments were ineffective (Fig. 2 A) . Although the blocking effect of BAPTA-AM was incomplete, the decrease in nuclear GR-GFP accumulation could be clearly detected at the single cell level (Fig. 2 B) .
BAPTA was previously found to inhibit NPC assembly in Xenopus egg extracts by mechanisms possibly involving binding of heavy metal ions (Marshall et al., 1997) . We tested the requirement of heavy metal ions for GR-GFP import using tetrakis-[2-pyridylmethyl]-ethylenediamine (TPEN), a chelator with much higher affinity for heavy metal ions than BAPTA (Arslan et al., 1985) . At 25-50 M, concentrations that are sufficient to strongly reduce lumenal heavy metal ion concentration in RBL-1 cells (Hofer et al., 1998) , 30-min pretreatment with TPEN did not alter Dex-induced GR-GFP translocation (NF/CF ϭ 5.28 Ϯ 0.27, n ϭ 71) compared with DMSOtreated controls (NF/CF ϭ 4.69 Ϯ 0.23, n ϭ 84). 
Persistent Nuclear Import of an SV 40-containing Protein in Ca 2ϩ -depleted HM1 Cells
The insensitivity of GR-GFP transport to store depletion contrasts with previous studies of active import in vivo (Greber and Gerace, 1995) . We considered the possibility that Ca 2ϩ depletion is not directly acting on the NPC, but inhibiting other, yet unknown, steps during protein transport. In this scenario, it is conceivable that proteins with different NLSs are differentially influenced by store Ca 2ϩ . Furthermore, a recently identified auxiliary calmodulin-dependent import pathway (Sweitzer and Hanover, 1996) might be activated in a cell type-and target-specific manner by increases in the cytosolic Ca 2ϩ concentration after Ca 2ϩ release from stores.
To test these hypotheses, we investigated nuclear targeting of pcDIC15nu, which contains an SV40-NLS. Nuclear transport of serum albumin fused to the same NLS was shown by Greber and Gerace (1995) to be blocked in Ca 2ϩ -depleted cells. We also employed the calmodulin antagonist, calmidazolium, to inhibit calmodulin-mediated transport (Sweitzer and Hanover, 1996) . As pcDIC15nu is constitutively transported to the nucleus, store depletion was induced 3 h after transfection by exchanging the normal growth medium for a low Ca 2ϩ (Ϸ60 nM Ca 2ϩ ) medium supplemented with 100 nM thapsigargin (or thapsigargin plus 5 M calmidazolium). As judged from the fluorescence signal, expression of pcDIC15nu was evident in Ͻ1% of cells 1 h and Ͻ10% of cells 3 h after medium exchange (not shown). When examined 12-14 h after transfection, pcDIC15nu fluorescence was seen in ‫%53ف‬ of cells. When expressed, pcDIC15nu localized to the nucleus regardless of whether cells were cultured in normal growth medium or low Ca 2ϩ medium containing thapsigargin and calmidazolium (Fig. 3) . A statistical evaluation substantiated that import of pcDIC15nu was unaffected by store depletion and calmidazolium treatment. NF/CF in control cells (3.39 Ϯ 0.2, n ϭ 91) was not different from NF/CF in cells treated with thapsigargin (3.1 Ϯ 0.4, n ϭ 56) or thapsigargin plus calmidazolium (3.19 Ϯ 0.28, n ϭ 56). In human embryonic kidney cells stably expressing GR-GFP, we confirmed that nuclear GR import was not inhibited by pretreatment with ionomycin plus calmidazolium or thapsigargin plus calmidazolium (data not shown).
These results demonstrate that active nuclear import is not regulated by Ca 2ϩ depletion from lumenal stores in our model. However, we found that BAPTA-AM did reduce GR-GFP transport into the nucleus.
Nuclear Export of GFP-MK2 Is Independent of Lumenal Ca 2ϩ Stores
Active nuclear export differs considerably from the nuclear import pathway (Ullman et al., 1997; Görlich, 1998) . We were interested in determining how nuclear export is influenced by Ca 2ϩ store depletion. MK2 has recently been shown to exit the nucleus upon phosphorylation by p38/SAP kinase in an exportin 1-dependent manner (Engel et al., 1998) . We used GFP-MK2 to examine nuclear export in HM1 cells. After transfection, GFP-MK2 predominantly localized to the nucleus (Fig.  4) . To induce GFP-MK2 translocation, cells were treated for 20 min with 10 g/ml Aniso, which activated the p38/SAP kinase cascade.
In most cells, GFP-MK2 efficiently translocated to the cytoplasm in response to Aniso (Fig. 4) . However, we observed a small population (Ͻ15%) of very highly expressing cells in which fluorescence remained higher in the nucleus than in the cytoplasm after Aniso treatment. As GFP tends to form dimers at high concentrations (Ward et al., 1982) , dimerization of GFP-MK2 may prevent efficient export in strongly overexpressing cells. We did not study the dependence of GFP-MK2 export on expression levels further and compared export only in cells from the same transfections to reduce variability due to different transfection efficiencies. When measured in control buffer in GFP-MK2-expressing cells, NF/CF changed from 1.58 Ϯ 0.08 (n ϭ 216) in the absence to 0.85 Ϯ 0.08 (n ϭ 228) in the presence of Aniso. These values were not significantly changed when cells were processed in Ca 2ϩ -free buffer (NF/CF ϭ 1.6 Ϯ 0.08, n ϭ 274 and 0.82 Ϯ 0.09, n ϭ 244; data from three sets of experiments). Next, the effect of store depletion on GFP-MK2 export was studied using the same depletion protocols described above for GR-GFP import. In addition, we applied calmidazolium with ionomycin to rule out an involvement of calmodulin in GFP-MK2 transport. As summarized in Fig. 5 , GFP-MK2 export was not substantially decreased by any pretreatment that depleted intracellular Ca 2ϩ stores. Essentially the same results were obtained when a stable human embryonic kidney cell line expressing MK2-GFP was pretreated with ionomycin or BAPTA-AM (not shown).
The most pronounced effect in HM1 cells was in fact an increase in export activity when cells were incubated with carbachol before Aniso application (Fig. 5) . This prompted us to test whether carbachol per se is able to induce translocation of GFP-MK2 to the cytoplasm. In three independent experiments, we found that carbachol induced export as efficiently as Aniso. The NF/CF change after carbachol treatment in Ca 2ϩ -free buffer amounted to 0.65 Ϯ 0.14 (n ϭ 358) in comparison to 0.74 Ϯ 0.18 (n ϭ 258) after Aniso. Under the same conditions, BAPTA-AM, ionomycin, and thapsigargin had little or no effect on export in the absence of Aniso (not shown).
d i s c u s s i o n
The objective of this study was to investigate whether there is a physiological link between the release of Ca 2ϩ from the ER lumen and a decrease in the permeability of the NPC in intact cells. Functional inhibition of active import and passive diffusion through the NPC has previously been shown in vitro (Stehno-Bittel et al., 1995a; Sweitzer and Hanover, 1996) and in vivo (Greber and Gerace, 1995; Greber et al., 1997) using pharmacological tools to manipulate store Ca 2ϩ . However, it is unclear whether hormones and neurotransmitters coupling to intracellular Ca 2ϩ release similarly regulate nucleocytoplasmic trafficking. As a first approach to answer this question, translocation of GFP fu- sion proteins undergoing active nuclear import and export was studied in HM1 cells, a human embryonic kidney cell derivative expressing the muscarinic M 1 receptor. M 1 -receptor activation efficiently stimulates InsP 3 formation and Ca 2ϩ release from stores (Peralta et al., 1988; Berridge, 1993) , thus allowing the investigation of receptor-mediated Ca 2ϩ mobilization on nuclear transport and NPC function.
We found that active nuclear import and export in HM1 cells is independent of store depletion by thapsigargin, ionomycin, and M 1 -receptor stimulation by carbachol. Pretreatment of cells with BAPTA-AM reduced GR-GFP import but not GFP-MK2 export.
We assume that the import block by BAPTA-AM is due to mechanisms other than or in addition to removal of Ca 2ϩ from stores because thapsigargin, ionomycin, and carbachol, which all decrease the concentration of free lumenal Ca 2ϩ by different mechanisms (Liu and Hermann, 1978; Thastrup et al., 1990; Lee and Rhee, 1995) had no effect on GR-GFP translocation. The cell-permeant BAPTA-AM is converted by intracellular esterases into BAPTA (Tsien, 1980; Tsien et al., 1984) , a fast, high affinity Ca 2ϩ chelator, which depletes stores by direct Ca 2ϩ binding. Unlike thapsigargin, ionomycin, and carbachol, BAPTA not only removes lumenal Ca 2ϩ but also binds heavy metal ions (Csermely et al., 1989; Aballay et al., 1995) . We therefore used TPEN to investigate the possibility that chelation of heavy metal ions caused import inhibition. TPEN binds Zn 2ϩ , Fe 2ϩ , and other metal ions with high affinity and was reported to compromise nuclear architecture and NPC assembly in vitro (Shumaker et al., 1998) . However, the insensitivity of GR-GFP translocation to TPEN indicates that import inhibition does not involve heavy metal ion chelation. It will be interesting to study whether cation chelation is necessary for BAPTA-induced import inhibition by using structurally related compounds with different binding affinities. The persistent import of GR-GFP in Ca 2ϩ -depleted HM1 cells contradicts earlier findings on NPC regulation by store depletion. However, a recent report demonstrated that active nuclear import is independent of ionophore-releasable Ca 2ϩ pools in reconstituted Xenopus nuclear envelopes (Marshall et al., 1997) . Thus, the requirement of store Ca 2ϩ for NPC function in vitro can differ depending on the experimental system used. More difficult to reconcile with our data is the inhibition of active transport and passive diffusion by store depletion in intact mammalian cells (Greber and Gerace, 1995) . We excluded the possibility that GR-GFP import is a specific, store-independent mechanism by demonstrating that import of another NLS-containing protein, pcDIC15nu, was insensitive to store depletion as well.
We also excluded the possibility that calmodulin-mediated pathways supported store-independent transport in HM1 cells. Sweitzer and Hanover (1996) described calmodulin-mediated import as a new GTP-independent import mechanism activated by elevated Ca 2ϩ concentrations in permeabilized cells. As store depletion can generate transient increases in the cytosolic Ca 2ϩ concentration, this may activate calmodulin-dependent transport pathways. However, when we assayed pcDIC15nu import as well as GFP-MK2 export in the presence of calmidazolium in intact HM1 cells, we found that treatment of cells with high concentrations of the calmodulin antagonist had no effect on import and export.
To our knowledge, the basic components of the nuclear transport machinery are ubiquitously expressed. Nevertheless, cell type-specific mechanisms may confer sensitivity of nucleocytoplasmic transport to store depletion. We have not yet thoroughly tested the effect of store depletion on nuclear transport in other cell lines, but preliminary experiments on wild-type human embryonic kidney cells and neuronal NG-108 cells confirmed that GR-GFP import is insensitive to ionophore treatment (C. Strübing, unpublished observations). Thus, we have no evidence for a cell type-specific regulation of nuclear import by store Ca 2ϩ .
The notion that the NPC remains functionally intact after removal of lumenal Ca 2ϩ in HM1 cells is further supported by the study of GFP-MK2 export. When we quantified GFP-MK2 translocation in Ca 2ϩ -depleted cells, we found no inhibition of export even by BAPTA-AM treatment. This result suggests that BAPTA interferes with components of the nuclear import pathway.
Possible targets may include specific importins that are necessary for the binding and translocation of distinct NLS-containing proteins (Ullman et al., 1997; Görlich, 1998) . The site(s) of BAPTA action could also be located within the ER, a possibility, favored by the observation that transport of nucleoplasmin into the nucleus was blocked only by the membrane-permeable BAPTA-AM, but not by cytoplasmic injection of impermeable BAPTA (Greber and Gerace, 1995) . Greber and Gerace (1995) reported that tunicamycin, which induces aberrant protein folding in the ER, is able to mimic the effect of store depletion on nuclear transport in normal rat kidney cells. Based on this finding, they proposed that a stress response initiated by lumenal Ca 2ϩ depletion caused nuclear transport inhibition in intact cells. As MK2 is activated downstream of p38/SAP kinase by several cellular stress stimuli (Freshney et al., 1994; Rouse et al., 1994) , it is conceivable that we observed a specific export pathway that was activated rather than inhibited by ER stress. However, GFP-MK2 export was efficiently stimulated only by carbachol, but not by pretreatment with BAPTA-AM, thapsigargin, or ionomycin alone, indicating that release of store Ca 2ϩ is not a stimulus for MK2 export by itself. Moreover, a recent report demonstrated that the nuclear export of the HIV-1 Rev protein, which contained a constitutively active export signal, is not regulated by store depletion or calmodulin in vitro (Love et al., 1998) . Despite the independence of the two export cargoes GFP-MK2 and Rev of lumenal Ca 2ϩ , it will be interesting to determine whether active nuclear export is generally insensitive to store depletion.
Taken together, the persistent nucleocytoplasmic transport of three different GFP constructs in Ca 2ϩ -depleted HM1 cells strongly argues against a direct inhibitory effect of intracellular Ca 2ϩ release on nuclear transport and NPC function. We hypothesize that a complex signaling cascade, perhaps similar to that activated by ER stress, is triggered by store depletion, but requires additional factors to lead to a shut down of nuclear import through the NPC. This may not only explain the differences in nuclear transport regulation by BAPTA-AM and other store-depleting agents in our experiments, but also the discrepancies observed in different model systems. The use of GFP-tagged proteins undergoing nuclear import and export will facilitate the further elucidation of mechanisms controlling transport through the NPC in living cells. r e f e r e n c e s
